Proton magnetic resonance spectroscopy was performed at 4 T to determine effects of age, region and gender on glutamate and glutamine in the normal human brain. Furthermore, glutamate and glutamine alterations with age were tested for correlations with other cerebral metabolites. Two 8 cm 3 volumes were selected in corona radiata and mesial motor cortex in normal subjects (N = 24) between 24 and 68 years old. Older subjects had lower glutamate concentration in the motor cortex compared to younger subjects (p < 0.001). In corona radiata, older subjects demonstrated a trend in higher glutamine compared to younger subjects (p = 0.05). Glutamate in the motor cortex was positively correlated with glutamine, N-acetyl aspartate and creatine. Reduced glutamate and Nacetyl aspartate in the motor cortex is consistent with neuronal loss/shrinkage with age. In conclusion, different patterns in association with normal aging in these brain regions were detected in this study.
Introduction
Glutamate (Glu) is the major excitatory neurotransmitter in the brain involved in functions such as motor behavior, cognition and emotion, which are affected in the course of the normal aging process [9, 20, 34] . Several lines of evidence also implicate glutamate toxicity as a contributing factor in the pathogenesis of age-related neurological conditions, including Parkinson's disease, Alzheimer's dementia, and Amyotrophic lateral sclerosis (for reviews see Refs. [14] [15] [16] ). Therefore, drugs which counteract glutamate-induced neurotoxicity are being considered for symptomatic and neuroprotective treatment of these disorders [2, 26] . Studies of cerebral cortex in rodent brains showed a decrease in glutamate concentration in association with aging [10, 40] , but there is little information concerning age effects on Glu in human brain.
Proton magnetic resonance spectroscopy ( 1 H MRS) has been used extensively to measure noninvasively metabolic concentrations in human brain. Several 1 H MRS studies demonstrated that compared to younger populations, older subjects have reduced cerebral N-acetyl aspartate (NAA), a putative neuronal marker [27, 42] , suggesting neuronal loss or deficit in neuronal metabolism [4, 6, 35] . Since Glu is also located primarily in neurons [28, 29] and its concentration in the brain most likely reflects neuronal integrity, it should also decrease with age, similar to the NAA. In contrast, glutamine (Gln), a precursor of Glu, is thought to be located predominantly in glial cells [21] , and may be used to determine changes of glial cells during normal aging.
Measurements of Glu and Gln are limited in MRS studies at 1.5 T, due to a significant spectral overlap between the resonances of Glu and Gln. Studies at higher magnetic fields provide increased separation between Glu and Gln resonances, facilitating quantification of both metabolites [18] . In addition, signal to noise ratios of all the metabolites detected by 1 H MRS increase linearly with higher field [19] . These effects, combined with advanced spectral processing techniques such as prior knowledge metabolite fitting [32, 43] , significantly improve accuracy of Glu and Gln measurements with 1 H MRS, as previously demonstrated [1, 17] .
Therefore, the main goal of this study was to determine age-related alterations of Glu and Gln concentrations in the brain, utilizing the improved accuracy of 1 H MRS at 4 T. We expected age related decreases of NAA, and concomitant age related decreases of Glu. A second goal was to investigate correlations between Glu and Gln with other metabolites, including NAA. We expected NAA and Glu to correlate, but we did not expect a relationship between NAA and Gln. A third goal was to determine whether there would also be regional and gender variations of Glu and Gln concentrations, independent of age. Finally, the coefficients of variations (CoV) for Glu, Gln and other metabolites were determined to establish a measure of accuracy.
Methods

Human subjects
Twenty-four normal individuals (11 males, 13 females) were recruited from the community for this study. The subjects were dichotomized into a younger group of 11 subjects (mean age = 26 ± 1 years) and an older group of 13 subjects (mean age = 54 ± 6 years). Ten subjects from the younger group were scanned twice within a week to determine reliability and reproducibility of the single voxel 1 H MRS measurements. Written informed consent, approved by the committees of human research at the University of California, San Francisco and University of California at Berkeley, was obtained from each subject prior to the measurements.
MRS acquisition
1 H MRS experiments were performed on a 4 T Inova Infinity system (Varian), using a volume head coil provided by the manufacturer. A 3D magnetization prepared Fast Low Angle Shot (FLASH) sequence (TR/TE/TI = 9/5/300 ms) was used to acquire anatomical T 1 -weighted images for placement of the MRS voxel in the regions of interest (ROI) and for segmentation of brain tissue. The extent of motion contribution to the spectral quality was monitored via short block acquisition of spectra. Prior to averaging blocks of spectra, phase variations of the NAA signal between the blocks of spectra were determined and used as indicator for subject motion. Older and younger subjects exhibited a similar range of phase variations due to motion, implying that there was no systematic difference between the groups with regard to motion. A 1 H MRS Stimulated Echo Acquisition Mode (STEAM) sequence [12] (TE/TM/TR = 15/10/2000 ms, voxel size = 8 mL) was used to acquire MR spectra from two regions of upper motor neurons (corona radiata (COR) and mesial motor cortex (MC)), see Fig. 2 . Three sinc pulses optimized for the homogenous excitation profile [23] (4.5 kHz bandwidth, 2 ms duration) were used in combination with 0.53 G/cm magnetic field gradients to excite a region of interest with dimensions of 2 cm × 2 cm × 2 cm. Two thousand and forty-eight spectral points were sampled at 2000 Hz bandwidth, corresponding to a nominal digital resolution of about 1 Hz. Metabolite spectra were obtained from 256 averages and water suppression was achieved using variable pulse power and optimized relaxation delays (VAPOR) scheme [41] .
Reference spectra of unsuppressed water were collected from each ROI at TR = 6 s for the purpose of metabolite quantification. In addition, unsuppressed water spectra were collected from each ROI at 20 different echo times from 15 ms in increments of 15 ms to estimate cerebrospinal fluid (CSF) content of the regions, based on T 2 relaxation difference between tissue and CSF. Spectroscopy data was zero-filled to 4096 points and a 2 Hz Gaussian line broadening filter was applied prior to Fourier transformation. Unsuppressed water signal was used for eddy current correction and to phase metabolite spectra [36] .
Spectral fitting and quantification
Baseline correction and fitting was performed automatically with software, described in detail earlier [43] . Briefly, this software uses a parametric model of known spectral components (metabolites) to fit metabolite resonances and a non-parametric fit of the baseline. A priori spectral information containing the frequencies, phases and relative amplitudes was generated using GAMMA software package [39] for the following metabolites: glutamate, glutamine, N-acetyl aspartate, creatine, choline and myoinositol (Glu, Gln, NAA, Cr, Cho and m-Ins, respectively). Prior knowledge of chemical shifts and scalar coupling constants was derived from literature values [13] . Similar to references [7, 11] , resonance intensities of the metabolites were expressed relative to the concentration of water in the selected ROI, accounting for the compartmental distribution of water in gray matter, white matter and cerebrospinal fluid. Specifically, absolute metabolite concentration can be expressed as the following:
where and are experimentally obtained signal intensities of water and metabolites, respectively, is the correction factor for the metabolite longitudinal relaxation (T 2 contribution is negligible due to short experimental TE relative to in vivo T 2 values at 4 T [25] ) (2) where T 1,met is longitudinal relaxation time constants of metabolites, and F is the factor accounting for compartmentalized water distribution: (3) where and are the concentrations of water in brain tissue and CSF, and are the fractional volumes of brain tissue and CSF in the ROI, and and are the transverse relaxation rates of water in brain tissue ( ) and in CSF ( ). Because reference spectra of water were acquired with a long TR, longitudinal relaxation of water can be ignored. Concentration of water in brain tissue, , was assumed to be 71% in white matter and 81% in gray matter [7] . Biexponential fit of unsuppressed water was used to calculated CSF contribution to the ROI. However, differentiation between gray matter (gm) and white matter (wm) is difficult with this technique, and therefore segmented T 1 -weighted MR images were used to estimate wm/gm contribution. T 2 values for water in tissue and CSF and volume correction term in Eq. (3) were calculated using standard Levenberg-Marquardt least square routines for bi-exponential fits (Matlab, The MathWorks, Inc., USA). Metabolite values for age comparison are reported according to Eq. (1), yielding concentrations in units of mM, where factor is not included. Therefore, calculated concentration represents the lower limit of the metabolite concentration because T 1 time constants of metabolites are not used. Tissue segmentation was performed using Matlab ™ software SPM (Wellcome Department of Cognitive Neurology, London, UK).
Statistical analysis
To determine overall age and regional effects on metabolite variations, repeated measures analysis of variance (rmANOVA) was used with metabolite concentrations as dependent variable and age, regions, and regions × age interaction as independent variables. These tests were performed separately for each metabolite. To avoid false discoveries by chance, we raised the level of significance to p < 0.01, according to Bonferroni correction (p = 0.01 ≈ 0.05/6). For significant effects of region by age interactions, post-hoc Scheffe tests were performed to determine the relationship of metabolite concentrations separately by region with gray/white matter coverage as covariate. In order to test for regional effects, metabolite values for each subject were adjusted for age-variations: linear regressions were used to determine relations between metabolite variations and age for each region. Metabolite variations among subjects were adjusted for differences in age by means of an analysis of covariance approach, according to (4) Here M adj and M obs are the adjusted and observed metabolite concentrations in a subject and A i is the subject's age, β the slope of the regression from group analysis and A mean is the group's mean age. Linear regression analysis that correlated metabolic levels and age was performed for each metabolite. The correction for age variations was applied when significant relationship between metabolite concentration and age was encountered (p < 0.05). Effects of gender on metabolite concentrations in each region were tested using two-tailed t-tests. Fig. 1B) and corona radiata (COR) regions (Fig. 1C) and T 1 -weighted image for the anatomical selection of the regions of interest. Spectral linewidth (FWHM) of singlet resonance of Cr at 3.0 ppm ranged from 6.4 to 7.9 Hz for all subjects. 1 H MR spectrum generated by numerical simulations [38] utilized for prior knowledge spectral fitting of experimental data is shown in Fig. 1A. Fig. 2 displays concentration and intensity ratios of Glu and Gln from each subject as a function of age, together with the mean values and standard deviations. The correlation plots in Fig. 3 depict Glu association with Gln, NAA and Cr in the MC region. Table 1 displays the comparison between metabolic concentrations in younger and older groups in the selected brain regions. Also included in this table are metabolite ratios relative to Cr, which were taken directly from fitted spectral intensities (ratios to creatine are largely used in 1 H MRS literature and also provide an alternative method to control for errors introduced in absolute method quantification using cerebral water). Metabolite concentrations in two brain regions corrected for age variations are listed in Table 2 . Also listed in Table 2 are the average gray matter indices, defined as the proportion of gray matter to total brain tissue in those regions. These indices indicate that ROI in the COR consisted primarily of white matter, and ROI in the mesial motor cortex contained mainly gray matter (as expected). Results of a test-retests study from 10 subjects to determine reproducibility of short TE single voxel MRS at 4 T using water as internal reference are summarized in Table 3 , in terms of values of coefficients of variations (CoV) for each metabolite and region.
Results
Age group and region effects on metabolites
For Glu, there was strong effect by region (F[1,44] = 131; p < 0.001) with a higher concentration of Glu in MC than COR. Furthermore, there was an overall effect of age on Glu concentration (F[1,44] = 9.8; p < 0.003), independent of region and gray/white matter variation. Moreover, there was a significant region by age group interaction (F[1,44] = 4.85; p = 0.03). Post-hoc analysis of the region by age group interaction revealed a strong effect of age on Glu in MC 24 , p = 0.04) with higher Cho in COR region in older group compared to younger group, but showed no significant association of age by region interactions. Finally, m-Ins showed a marked age by region interaction (F[1,44] = 3.8, p < 0.001), but no significant overall effects of age or region. Post-hoc analysis of age by region interaction with gray/white matter as a covariate, revealed a significant correlation between increased m-Ins and age (p < 0.01) in COR region and that m-Ins of MC decreased with increased age (p < 0.05).
Correlations of Glu with Gln and other metabolites (Fig. 3)
In the MC region, the concentration of Glu strongly correlated with the concentrations of Gln (r = 0.52, p < 0.01), NAA (r = 0.88, p < 0.001), and Cr (r = 0.78, p < 0.001). After correction of Glu, NAA, Cr and Gln values in the MC region for gray matter contribution by means of an analysis of covariance approach similar to the one outlined in Eq. (4), the significant positive correlation of Glu and all three metabolites persisted. Glu, Cr and Glu were significantly correlated with gray matter amount in the ROI (p < 0.05). In the COR region, however, no correlation of Glu or Gln with other metabolites was detected.
Gender differences
No significant effect of gender on metabolic differences was detected (all p > 0.1).
Test-retest (Table 3)
For Glu and Gln reproducibility was higher in the MC region compared to COR region (11.9% versus 13.6% for Glu and 21.5% versus 44.0% for Gln, respectively).
Discussion
The most important finding of this study was a decrease of Glu concentration with age in the predominantly gray matter motor cortex region and a trend of Gln increase with age in the predominantly white matter corona radiata region. Furthermore, there was a strong positive correlation of Glu with Gln, NAA, and Cr in the motor cortex region. In addition, concentrations of Glu and Gln were higher in motor cortex region compared to the predominantly white matter region of corona radiata.
The finding of reduced Glu with older age in the motor cortex is consistent with histological animal studies of increased deficits of the glutamatergic systems in the aging brain [8, 37] . Most of Glu is found in neurons [28, 29] , with extracellular concentration of Glu normally remaining at relatively low levels (0.1-1 mM), because of its excitotoxicity. In glial cells, the Glu concentration is even lower [38] and thus, contributes virtually no signal to Glu in 1 H MRS. Therefore, Glu reduction with age may signify deficits in neuronal metabolism or possible neuronal loss or shrinkage during normal aging. NAA, like Glu, is also localized primarily in neurons and is considered to be a putative neuronal marker [27, 42] . Our finding of reduced NAA in the motor cortex region with normal aging is consistent with previous MRS studies that demonstrated decreased NAA with age in certain regions of the normal brain [4, 6, 35] . The present study further showed a strong positive correlation between Glu and NAA concentration, which is consistent with the idea that Glu is localized primarily in neurons and that neuronal integrity is vulnerable in the aging process. Detection of differential variations between Glu and NAA concentrations with MRS could potentially provide a better index of neuronal integrity than measurements of each metabolite alone, especially in cases where glutamate excitotoxicity occurs.
In contrast to Glu reduction in motor cortex, Gln concentration was somewhat increased in older subjects in the predominantly white matter region of corona radiata. Gln is localized primarily in astrocytes, where glutamine synthetase considered to be a marker of glial activity [21] . Therefore, the finding of increased Gln in this region could be indicative of glial (astrocytes) proliferation in white matter with normal aging. If neuronal loss is accompanied by glial proliferation in healthy aging, the increase of Gln in the white matter should be occurring concomitantly with decrease of Glu and NAA in the same region. However, we failed to detect decrease of NAA and Glu in COR region.
In addition to Gln, other metabolites such as Cr, Cho, and m-Ins were also elevated in the COR region of older subjects, consistent with findings from other laboratories [31, 33] . It should be noted that 1 H MRS detects the overall metabolite concentration without differentiation between specific components (i.e. glial versus neuronal), and it is not clear to what extent Cr and Cho represent glial compartments. In contrast, no age-related NAA and Glu changes were detected in the COR region, consistent with other 1 H MRS studies that also report stable NAA with aging in white matter [5, 6, 31, 33] . In this context, it is interesting to note that m-Ins concentration decreased in the MC region and increased in the COR region in older subjects compared to the younger group (m-Ins is used predominantly as glial marker in the 1 H MRS literature [3] ). The increase of m-Ins in white matter is consistent with its role as a glial marker [3] and concomitant Gln increase in the same region, but we have currently no explanation for the reduction of m-Ins in the motor cortex. The observed differential changes of metabolites with age in two regions are most likely affected by white matter/gray matter composition of those regions.
Although a positive correlation between Glu and Gln in the motor cortex seems counter intuitive to our hypothesis of a negative relationship between the two metabolites, with the former representing neuronal pool and the latter, astrocytes/glia, there are at least two possible explanations for a positive correlation. First, since both Glu and Gln have much higher concentrations in gray matter than white matter, partial gray/white matter volumes of voxels in the motor cortex could dominate the relationship. However, after corrections of the metabolites for gray matter composition of the voxels using linear regressions, the positive correlation between Glu and Gln was still significant. Therefore, gray/white matter partial volume effects cannot entirely explain the positive correlation. Second, there are several synthetic pathways for glutamate and glutamine in brain tissue, and some pathways utilize one metabolite as precursor for synthesis of the other. For example one of the pathways for formation of glutamate is via glutamine, which is imported from glia by phosphate-activated glutaminase. Alternatively, glutamine may be formed from glutamate, originating from α-ketoglutarate in glia [38] . Therefore, certain synthetic pathways, which link both metabolites together, could lead to a positive correlation between Glu and Gln, which can only be determined via kinetic studies of specific activities for both metabolites.
Independent of age, levels of Glu, NAA, Gln, and Cr were higher in MC region, compared to COR region. Outside the motor cortex, other MRS studies at 1.5 and 4 T [1, 17, 24] also reported higher Glu, Gln, and Cr concentrations in gray matter than in white matter. Furthermore, a 1 H MRS study on autopsied brains measured higher Glu, NAA, and Cr in gray matter compared to white matter [30] , consistent with the results of this study. However, tissue-related differences of metabolite concentrations may also be regionally dependent, which limits comparisons to other studies that did not specifically measure metabolite concentrations in motor neuron regions.
In this study, cerebral water was used as reference to determine metabolite concentrations in the motor pathways of human brain. The accuracy of this method was assessed with test-retest measurements, which showed coefficient of variations for Glu between 11% and 15%. In contrast, Gln variations were determined to be two to four times larger, reflecting significant limitation in measuring reliably glutamine concentration even at 4 T, presumably due to much lower signal intensity of Gln compared to Glu [22] . Although comparison with another study at 4 T [1] is limited since a different area was studied (thalamus), CV values in this study are similar.
A limitation of the study was that no relaxation measurements of metabolites were obtained for each subject and therefore some regional and age-related changes might be due to relaxation effects (mainly longitudinal relaxation, since the contribution of the transverse relaxation with a very short echo time employed here is negligible). Moreover, different T 1 relaxations for resonances of the same metabolite were not considered. Therefore, metabolite quantification in this study is limited to the degree that resonances of the same metabolite exhibit different T 1 relaxations. However, a differential effect of age or brain region on T 1 relaxations of different functional groups within the metabolite is not expected and therefore observations in this study of age and region related variations of metabolite concentrations should not be confounded by this effect. A second limitation was that we did not correct for partial volumes of gray and white matter when calculating metabolite concentration. Performing this correction is important when interpreting metabolite concentrations of motor cortex, since voxels in those regions contained also substantial amounts of white matter. Another limitation is using cerebral water as a reference without considering potential decrease of water concentration in gray matter and white matter with age, as suggested in Ref. [5] . Although we did not find significant water content correlation with age in our study and therefore did not take this effect into consideration, sensitivity of our methods to detect an effect may have been limited. Representative T 1 -weighted MR image used for the placement of the two regions of interest (8 mL)-mesial motor cortex and corona radiata. (A) Simulated 1 H MR spectrum used as a prior knowledge for fitting experimental spectra. (B) Top-representative experimental 1 H MR spectrum from mesial motor cortex (thin line) and computed baseline (thick line). Bottom, baseline corrected experimental spectrum from the same region (thin line) with superimposed fitted spectrum (thick line). (C) Top-representative experimental 1 H MR spectrum from corona radiata (thin line) and computed baseline (thick line). Bottom, baseline corrected experimental spectrum from the corona radiata (thin line) with superimposed fitted spectrum (thick line). Concentrations of glutamate (A) and glutamine (B) as a function of age in corona radiata and mesial motor cortex areas. (A) Glutamate concentration as a function of age. (B) Glutamine concentration as a function of age. (C) The intensity ratio Glu/Gln is calculated directly from the ratio of the respective metabolites areas in the MR spectrum and is shown here as a function of age. Correlations between Glu and other metabolites in the mesial motor cortex area (A) Glu vs. Gln (r = 0.52, p < 0.01), (B) Glu vs. NAA (r = 0.86, p < 0.001), (C) Glu vs. Cr (r = 0.78, p < 0.001). Table 1 Mean metabolite concentrations (units mM), ratios to creatine a , and CSF/tissue contribution in corona radiata and mesial motor cortex in younger (mean age = 26 ± 1) and older group (mean age = 54 ± 6)
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Coefficients of variation (standard deviation to mean ratio in percent) for 10 subjects (scanned twice) compared to literature values in thalamus region [1] 
